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Obesity is regarded as a state of low-grade inflammation where dysfunctional adipose tissue is a major source of circulating proinflammatory cytokines in the blood. Canine adipocytes both express and secrete adipokines and cytokines, including leptin, adiponectin, and tumor necrosis factor (TNF)-␣ (59) . Stimulation of canine adipocytes with lipopolysaccharide or TNF-␣ decreased adiponectin expression while enhancing expression of interleukin (IL)-6, TNF-␣, and MCP-1 (59) . Obese canines have higher concentrations of circulating leptin and lower concentrations of adiponectin (13, 23) . Weight loss, by itself, reduces circulating leptin concentrations but has not been shown to increase circulating adiponectin concentrations (26) . Adiponectin circulates in a number of different multimers of different molecular weights, and the ratio of high-molecularweight adiponectin to total adiponectin is more highly correlated to insulin resistance in humans than total adiponectin concentrations (19) . Smaller circulating multimer complexes of adiponectin have been detected in the dog, but highermolecular-weight adiponectin has not been detected (7) . Because circulating hormones and metabolites are often times used to clinically assess disease states, it is important to link adipose tissue gene expression with relevant blood hormones and metabolites.
The use of transcriptomics, particularly whole genome microarrays, in obesity research has led to an increased understanding of adipose biology and begun to link mRNA changes to the physiological state of obesity. Data compiled from such studies are useful in understanding global gene networks and identifying novel genes and functional gene classes altered during obesity development and progression. Though transcriptomics has been useful for understanding the differences in lean and obese animals, there has been a limited amount of research analyzing transcriptome profiles during the transition from a lean to obese phenotype. Analyzing this transition period will be useful in differentiating transcriptome changes leading to the obese state from those that occur as a response to obesity, allowing us to identify causative factors for obesityinduced metabolic dysfunction and inflammation in adipose tissue.
This is the first prospective study to examine adipose tissue transcriptome profile changes during the transition from a lean to obese phenotype in dogs. We hypothesized that by gaining weight over the 24 wk time course, dogs would have increased insulin, leptin, and triglyceride concentrations and reduced total adiponectin concentrations. Along with the changes in circulating hormones and metabolites, we hypothesized that gene expression profiles of adipose tissue would indicate increased recruitment and activation of macrophages, oxidative and endoplasmic reticulum stress, as well as metabolic adaptations to ad libitum feeding.
MATERIALS AND METHODS

Animals and diet.
The University of Illinois Animal Care and Use committee approved all animal care procedures prior to initiation of this experiment. Nine intact female beagles (4.09 Ϯ 0.64 yr, 8.48 Ϯ 0.35 kg) were used in this experiment. Dogs were housed in temperature-controlled rooms (22.2°C) in individual kennels (1.06 m ϫ 1 m), with a 12 h light-12 h dark cycle at the Edward R. Madigan Laboratory on the University of Illinois campus. Dogs were weighed and given a body condition score (9 point scale: 1 ϭ extremely thin, 9 ϭ morbidly obese) weekly, and daily food intake was recorded (45) . After a baseline period of 4 wk, dogs were randomized to either ad libitum feeding (n ϭ 5) or weight maintenance (control, n ϭ 4). All dogs were fed Purina Pro Plan Performance Formula, which includes chicken and corn gluten meal as the main protein sources, brewers rice and whole grain corn as the main carbohydrate sources, animal fat preserved with mixed tocopherols as the main fat source, and corn bran as the main dietary fiber source. AOAC International methods were used to determine dietary dry and organic matter, ash, and total crude protein (1) . Acid hydrolyzed fat concentration was determined using methods from the American Association of Cereal Chemists and Budde (2, 8) . Total dietary fiber was determined using methods described by Prosky et al. (55) . The diet contained 24.3% acid hydrolyzed fat, 32.0% crude protein, and 6.7% total dietary fiber on a dry matter basis. Using modified Atwater factors, we estimated that the diet contained 4.67 kcal metabolizable energy/g on a dry matter basis.
Blood and tissue collection. At baseline and after 4, 8, 12, and 24 wk, blood was collected after an overnight fast via jugular venipuncture. Blood was immediately transferred to appropriate Vacutainer tubes (Becton Dickinson, Franklin Lakes, NJ) for plasma and serum. After collection, plasma samples were placed on ice until they were centrifuged at 3,000 g for 15 min at 4°C.
After blood collection, dogs were sedated with 0.2 mg/kg butorphanol, 0.2 mg/kg medetomidine, and 0.04 mg/kg atropine for subcutaneous adipose tissue biopsy collection. Anesthesia was maintained, and isoflurane in 100% oxygen was used if necessary until the procedure was finished. An incision was made along the dorsal side of the body and subcutaneous adipose tissue was collected. Samples were flash-frozen in liquid nitrogen and stored on dry ice until being transferred to Ϫ80°C where they were stored until further analysis.
Blood analysis. Blood samples were analyzed for hormones and metabolites at each time point. Serum nonesterified fatty acids (NEFA), triglycerides (TG), and fructosamine concentrations were determined by the University of Illinois Veterinary Diagnostic Laboratory (Urbana, IL) using a Hitachi 911 clinical chemistry analyzer (Roche Diagnostics). Plasma insulin was determined using a ratspecific enzyme immunoassay (Cayman Chemical, Ann Arbor, MI) that has 100% reactivity with canine insulin. Plasma adiponectin was determined using the Canine Adiponectin ELISA kit (Millipore, St. Charles, MO). Plasma leptin was determined using the Canine Leptin ELISA kit (Millipore).
Adipose tissue RNA extraction. Total cellular RNA was extracted from adipose tissue samples using TRIzol (Invitrogen, Carlsbad, CA). Samples were cleaned with the RNeasy mini kit and DNase treated (Qiagen, Valencia, CA). RNA concentration and purity was determined using an ND-1000 spectrophotometer (Nanodrop Technologies, Wilmington, DE), and RNA quality was assessed using a 2100 Bioanalyzer (Agilent, Santa Clara, CA).
Microarray analysis. All RNA samples were analyzed by cDNA hybridization to the Affymetrix GeneChip Canine Genome 2.0 Arrays (Affymetrix, Santa Clara, CA). Hybridization reactions were performed using Affymetrix GeneChip Expression 3=-Amplification Reagents (One-Cycle Target Labeling and Control Reagents package) according to manufacturer instructions and as described by Swanson et al. (67) . After hybridization, the microarray chips were washed and stained using a streptavidin-conjugated phycoerythrin dye (Invitrogen) enhanced with biotinylated goat anti-streptavidin antibody (Vector Laboratories, Burlingame, CA) using an Affymetrix GeneChip Fluidics Station 450 and GeneChip Operating Software. Images were scanned using an Affymetrix GeneChip scanner 3000.
Quantitative real-time polymerase chain reaction. Quantitative reverse transcriptase-polymerase chain reaction (qRT-PCR) was used to validate a subset of differentially regulated genes based on microarray results. Gene-specific primers were designed using Primer Express 2.0 Software (Perkin Elmer, Boston, MA; Table 1 ). RNA was converted to cDNA using the ABI cDNA Archive kit (Applied Biosystems, Foster City, CA) and amplified using SYBR green real time qRT-PCR on an ABI Prism 7900HT Sequence Detection System (Applied Biosystems).
Adipocyte sizing. Adipose tissue was fixed in formalin and embedded in paraffin wax. Two 5 m sections were stained with hematoxylin and eosin. Adipocyte area was calculated with Axiovision AC software and an AxioCam MRc5 (Zeiss).
Statistical analyses. qRT-PCR and blood hormone and metabolite data were analyzed by repeated-measures analysis in the mixed models procedure of SAS (SAS Institute, Cary, NC). For adipocyte size, the fixed effects of treatment, time, and treatment ϫ time were tested, and animals and number of cells counted per animal were 
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included as a random effect. For blood hormones and metabolites, the fixed effects of treatment, time, and treatment ϫ time were tested, and animal was included as a random effect. Ten leptin samples (0 wk, 5 samples; 4 wk, 2 samples; 8 wk, 2 samples; 12 wk, 1 sample) were undetectable. After baseline, obese dogs had detectable leptin concentrations at every time point. Multiple time points in the weight maintenance treatment had only two detectable samples. Thus for leptin, the fixed effect of time was tested in the ad libitum group, and baseline data were pooled for both treatments. For qRT-PCR, the fixed effect of time was tested and animal was included as a random effect in the ad libitum group to mirror statistics used in microarray analysis. A probability of P Ͻ 0.05 was considered statistically significant and P Ͻ 0.10 was considered a trend. The mixed procedure was used to determine pooled SE.
All quality control assessments, data processing, and statistical analyses for microarray data were done in R using packages from the Bioconductor project as indicated below (17, 57) . All microarray data have been deposited in the Gene Expression Omnibus repository at the National Center for Biotechnology Information (NCBI) archives (http:// www.ncbi.nlm.nih.gov/geo) under accession #GSE24099. Quality control assessment (affycoretools) showed that all arrays were of acceptable quality; surprisingly there was no individual dog effect, although there was a slight effect of processing batch (39) . This batch effect was accounted for in the statistical model (described below). The raw probe-level data were processed with the GCRMA algorithm, which performs a GC-based background-correction, does a quantile normalization between arrays, and summarizes the multiple probes into one probe set value using a median polish algorithm (70) . To be considered for statistical testing, a probe set had to be called "present" (Affymetrix's call detection algorithm) on at least 1 array or "marginal" on at least two arrays, and have a mean GCRMA value Ͼ3. A total of 23,835 probe sets out of the 43,035 present on the array passed these filters (61) .
Testing for differential gene expression was done using the limma package to fit a mixed linear model while adjusting for the correlation due to the processing batch effect (62, 63) . Pair-wise comparisons between the zero time point (baseline), and each of the other four time points for the ad libitum treatment were pulled as contrasts from the model. The results for the four pair-wise comparisons were used to compute an overall F-test for "change over time" in the ad libitum treatment. After correcting for multiple hypothesis testing using the false discovery rate (FDR) method, 1,665 probe sets changed significantly (FDR P value Ͻ 0.05) over time due to the ad libitum feeding (4) .
To evaluate the expression patterns due to ad libitum feeding over time, a heat map was made of the 1,665 significant probe sets. The zero time point of the control group was added to represent the expression in the control dogs (Fig. 1) . Hierarchical clustering was used to elucidate the similarity in expression patterns, and determination of distinct clusters was done using the dynamicTreeCut package using the hybrid method with minClusterSize ϭ 4 and deepSplit ϭ 2 (32).
RESULTS
Food intake, body weight, body composition, body condition, and adipocyte size. Food intake was significantly increased (P Ͻ 0.01) in ad libitum animals ( Table 2) . A signif- icant treatment ϫ time interaction (P Ͻ 0.01) was present, with food intake peaking at 4 wk in the ad libitum group and remaining elevated (P Ͻ 0.01) at 8, 12, and 24 wk. Body weight, fat mass, bone mineral mass, and body condition score were increased (P Ͻ 0.01) in ad libitum fed dogs over the entire 24 wk period. Body weight, fat mass, bone mineral mass, and body condition score presented significant treatment ϫ time interactions (P Ͻ 0.01), exhibiting a rapid rise from 0 to 4 wk and then moderate increases until 24 wk. Lean body mass was not different (P Ͼ 0.10) in control versus ad libitum fed dogs. Adipocyte size was increased (P ϭ 0.02) in ad libitum fed dogs and had a significant treatment ϫ time interaction (P Ͻ 0.01), rising to 3.15 times that of baseline measurements (Fig. 2) .
Blood metabolites, hormones, and adipokines. NEFA concentrations tended to be increased (P ϭ 0.06) in ad libitum fed dogs (Table 3 ). Serum TG concentrations had a significant treatment ϫ time interaction (P Ͻ 0.01), which was driven by a large TG increase in ad libitum fed dogs at the 24 wk time point. Fasting blood glucose concentrations were increased (P Ͻ 0.05) in ad libitum dogs; however, they were within normal limits and there were no differences (P Ͼ 0.10) in either insulin or fructosamine concentrations with weight gain. Plasma leptin concentrations were increased (P Ͻ 0.01) in ad libitum fed dogs over time (0 wk, 0. Total adiponectin concentrations in ad libitum fed dogs numerically increased from 0 wk to 12 wk and then decreased from 12 wk to 24 wk producing a group ϫ time interaction (P ϭ 0.05), but there was no main effect of treatment. Serum c-reactive protein concentrations were not biologically different between treatments, and the majority of serum TNF-␣ concentrations were below the limit of detection as measured by ELISA (data not shown).
Adipose tissue microarrays. A total of 1,665 differentially expressed (FDR P Ͻ 0.05) gene transcripts were detected within the ad libitum treatment over time ( Fig. 1 , Supplementary Table S1 ). 1 After removal of duplicate transcripts, a total of 1,378 gene transcripts were differentially expressed in subcutaneous adipose tissue over 24 wk. Of these nonredundant transcripts, 962 were annotated genes, while 416 were unknown gene transcripts. Annotated, nonredundant genes were then classified into functional classes using SOURCE (http://smd.stanford.edu/), DAVID (12, 22) , and NCBI resources (http://www.ncbi.nlm.nih.gov) ( Fig. 3 ; Tables 4, 5 , and 6; Supplementary Table S1 ). Although many transcript expression patterns were upregulated or downregulated over the entire study, others had variable expression patterns, having increased and decreased expression at different time points. Extracellular matrix (ECM) ( 37) , and protein modification (transcripts up, 4; down, 1; variable, 9), had a predominance of transcripts that were both up-and downregulated depending on the time point 1 The online version of this article contains supplemental material. Values are means (n ϭ 5 for ad libitum; n ϭ 4 for control). Body condition score (BCS) is based on a 9 point scale (1, extremely thin; 9, extremely obese). (e.g., level of obesity). Interestingly, there were no functional classes that had a predominance of downregulated transcripts over the entire study.
Adipose tissue qRT-PCR. The expression of 10 genes belonging to five functional classes {metabolism [ELOVL6, PDK4, PFKFB1, zinc alpha glycoprotein (ZAG)], oxidationreduction (GPX7, GSTP), immune (CCL5, TREM2), ECM (LOX), and mitochondrial fusion (OPA1)} was confirmed using qRT-PCR (Figs. 4 and 5 ). There was general agreement between expression patterns as measured by microarrays and qRT-PCR. PFKFB-1 was an exception, showing increased expression over time as measured by qRT-PCR and decreased expression over time as measured by microarrays. Expression of GPX-7 expression was similar in microarray and qRT-PCR until 24 wk, where microarrays exhibited a pattern of decreased expression and qRT-PCR showed increased expression. Microarray data tended to show more dramatic changes in gene expression than qRT-PCR, which was especially evident for ZAG, ELOVL6, and LOX expression. Given our previous experience with microarray analysis, this is most likely due to the background correction and normalization required within and across microarray chips.
DISCUSSION
This study is the first to track transcriptome changes over the course of diet-induced obesity in the dog. We have noted large changes in the subcutaneous adipose tissue transcriptome, particularly in the functional classes of metabolism, oxidationreduction, ECM, and immune response. Adipose tissue is complex and contains many different cell types, including adipocytes, preadipocytes, immune cells, endothelial cells, and fibroblasts. Our data are from whole adipose tissue biopsies, so gene expression differences cannot be attributed to different cellular fraction or types but represents changes in gene expression of whole adipose tissue.
Ad libitum fed beagles had a large but variable increase in food intake. Food intake peaked at 4 wk and then decreased but remained elevated thereafter. Estrogen is known to interact with both orexigenic and anoroxigenic neuropeptides promot- Values are means (n ϭ 5 for ad libitum; n ϭ 4 for control). NEFA, nonesterified fatty acid. ing decreased food intake, so the variable food intake in our study may be a response specific to females (6) . Along with increased food intake, there was a very large increase (ϳ4.8ϫ) in whole body adipose tissue mass, which was accompanied by an increase in adipocyte size. As expected with large changes in body composition and adipose tissue mass, ad libitum feeding resulted in large effects on genes associated with metabolism in subcutaneous adipose tissue. With weight gain, blood glucose increased and adipose tissue appeared to adapt to excessive substrates entering glycolysis, as many genes associated with carbohydrate metabolism were altered. Hexokinase-1 expression was increased at all time points, a change that would commit more glucose to glycolysis, while the catalytic subunit of glucose-6-phosphatase expression was decreased. Glucose-6-phosphatase dephosphorylates glucose-6-phosphate. Glucose-6-phosphatase does not have a defined role in adipose, a nongluconeogenic tissue but is critical for gluconeogenesis in the liver. Decreased expression of the catalytic subunit of glucose-6-phosphatase would likely lead to decreased glucose leaving adipocytes and increase the amount of glucose committed to the glycolytic pathway, but the physiological relevance of such changes is unclear. Pyruvate dehydrogenase kinase-4 regulates the pyruvate dehydrogenase complex and thus glycolytic flux into acetyl-CoA. Pyruvate dehydrogenase kinase-4 expression was decreased until 24 wk, where it returned to baseline levels. The importance of pyruvate dehydrogenase kinase-4 in glucose homeostasis has been demonstrated in pyruvate dehydrogenase kinase-4Ϫ/Ϫ mice fed a high-fat diet, which had a 28% decrease in fasting blood glucose levels and a 10% reduction in glucose area under the curve during intraperitoneal glucose tolerance testing (24) . In our study, subcutaneous adipose tissue in ad libitum fed beagles may have compensated for excessive calorie consumption and increased blood glucose by committing more glucose to the glycolytic pathway and increased conversion of pyruvate to acetyl-CoA. This may be important in dogs because unlike humans and rodents, adipose tissue is the primary site of de novo lipogenesis (64) . Increased substrates moving through glycolysis would be expected to increase TCA cycle intermediates and substrates for both energy production and de novo fatty acid synthesis. We, however, found that acetyl-CoA carboxylase-A (ACACA) was downregulated over the entire study. Human studies also have shown decreased ACACA expression in both subcutaneous and visceral adipose tissue during obesity (35, 50) . Ortega et al. (50) hypothesized that adipose tissue downregulation of ACACA during long-term, chronic obesity could limit adipose tissue expansion, whereas during dynamic obesity, when adipose tissue is actively expanding, this downregulation does not occur. This is in contrast to our data that shows downregulation of ACACA in subcutaneous adipose tissue, while adipose tissue is still undergoing a remarkable expansion. Decreased ACACA expression may be a response by adipocytes to excess calorie exposure and metabolic load during ad libitum feeding. Our data do, however, show a consistent increase of ELOVL6, which elongates 16C fatty acids from de novo lipogenesis and the diet. Interestingly, ELOVL6 and ACACA are both regulated by SREBP1, but our data imply that under our study conditions ELOVL6 and ACACA are differentially regulated (44, 37) . ELOVL6Ϫ/Ϫ mice on a high-fat diet are insulin sensitive, even though they are obese and present increased concentrations of liver TG (43) . Insulin sensitivity improvements in these mice are related to changes in liver function by restoring AKT and IRS-2 phosphorylation (43). The role of ELOVL6 in adipose tissue is unclear and warrants further investigation. Adipose tissue, an important regulator of energy homeostasis, releases adipokines and free fatty acids that modify energy metabolism of other tissues. Adipose tissue lipolysis is responsive to both norepinephrine and glucagon. ␤-Adrenergic receptors are known to increase lipolysis, while ␣-adrenergic receptors decrease lipolysis. Ad libitum fed beagles had decreased expression of ADRA2c (␣-receptor) at 4, 12, and 24 wk, while ADRB2 (␤-receptor) expression was decreased over the entire study. These gene expression changes are likely essential for controlling lipolytic response to norepinephrine with increased adipose tissue mass. ZAG is an adipokine identified as a contributor to excessive lipolysis during cancer cachexia (5, 68) . Injections of ZAG into obese mice normalize blood glucose, increase insulin sensitivity, and increase muscle mass (58) . In this study, ZAG had increased (fold change Ͼ21.00) expression at 4, 8, and 12 wk but then decreased (fold change ϭ 1.02) to baseline levels at 24 wk. Adipose tissue ZAG gene expression is known to decrease with obesity in both humans and rodents (42, 47, 48) . In Simpson-Golabi-Behmel syndrome adipocytes, ZAG is most highly induced by the peroxisome proliferator-activated receptor gamma (PPAR-␥) agonist roglitazone and is most highly suppressed by treatment with TNF-␣. Our data indicate that although a downregulation of ZAG may occur during chronic obesity, its expression may be increased during adipose tissue expansion, depending upon the degree of and/or duration of obesity. Interestingly, in humans, ZAG expression is positively correlated with serum adiponectin concentrations and negatively correlated with serum TG concentrations (9) . In our study, there were no significant group differences in circulating adiponectin, but we observed a significant interaction, whereby 24 wk serum adiponectin concentrations were lower than 12 wk concentrations in obese dogs. The lack of an effect of weight gain on adiponectin may be specific to dogs and modified by study duration and sex. TG concentrations were increased compared with baseline in ad libitum fed beagles at 24 wk. These 24 wk changes in adiponectin and TG coincide with ZAG mRNA expression levels returning to baseline, following its large increase with initial weight gain. Taken together, 24 wk ZAG expression and adiponectin and TG concentrations may represent the beginnings of obesity-induced decrements in whole body metabolism. The local and peripheral roles that ZAG played during 
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Physiol Genomics • VOL 43 • www.physiolgenomics.org obesity development in our study are unknown, but metabolic changes occurring at the 24 wk time point could be indicative of the end of a short-term adaptive response and the beginning of a chronic deleterious response to chronic overfeeding. Obesity is associated with increased oxidative stress in adipose tissue. To buffer oxidative stress, cells induce antioxidant and detoxification enzymes. Glutathione-S-transferases (GST) play a role in decreasing oxidative stress by conjugating glutathione to electrophilic molecules leading to their disposal. GSTA4 in mice has proven essential in maintaining oxidative status, mitochondrial function, and insulin sensitivity during high-fat feeding, however, the role of other redox sensitive enzymes is unclear (11) . Glutathione peroxidase 1 (GPX1); NAD(P)H dehydrogenase, quinone 1 (NQO1); and glutathione peroxidase 7 (GPX7) scavenge free radicals. In ob/ob mice, GPX1 and GPX7 expression are decreased (30) . NQO1 expression positively correlates with adipocyte size and is reduced by weight loss (52). In the current study, GSTP, GPX1, and NQO1 were induced in ad libitum fed dogs at all time points, while GSTM4, GSTT2, GSTO1, and GPX7 displayed increased expression at 4 and 8 wk, which then decreased to baseline levels or lower at 12 and 24 wk. Interestingly, the greatest food consumption occurred at 4 and 8 wk, so the induction of GSTM4, GSTT2, GSTO1, and GPX7 might be associated with the metabolic stresses during rapid adipose tissue expansion and lipid storage. In cancer cells, GPX7 has been shown to decrease PUFA oxidation (69) . The induction of antioxidant enzymes observed in our study should have buffered oxidative stress; however, it may not be sustainable in chronic obesity. Reduction in GSTs have been noted during obesity and decreased expression could lead to increased oxidative stress (36, 46) .
Oxidative stress is a factor that contributes to metabolic dysfunction and inflammation within adipose tissue during obesity (14, 51) . Increased oxidative stress leads to mitochondrial dysfunction. PPAR-coactivator receptor 1 alpha (PGC1␣) and beta (PGC1␤) are known to play important roles in mitochondrial biogenesis and in maintaining mitochondrial function. In the current study, expression of PGC1␣ was decreased until 12 wk but then increased to basal levels at 24 wk, while PGC1␤ expression was decreased over the entire study. 3T3-L1 cells treated with high glucose, NEFAs, or both have increased reactive oxygen species formation and decreased expression of PGC1␣ and PGC1␤ (15) . 3T3-L1 cells also have a decrease in the mitochondrial fusion protein mitofusin 1 during high NEFA exposure and high exposure to glucose and NEFAs combined (15) . In the current study, ad libitum fed beagles displayed decreased expression of mitofusin 1 until 12 wk, but increased expression at 24 wk. Another mitochondrial fusion protein, optic atrophy 1, also displayed decreased expression at 8 and 12 wk but increased expression at 24 wk. The physiological relevance of mitofusin1 and optic atrophy 1 in adipose tissue is unclear; however, optic atrophy 1 has been shown to have a role in the maintenance of mitochondrial inner membrane integrity and mitochondrial autophagy (34) . Expression of PGC1␣ and PGC1␤, along with changes in mitochondrial fusion proteins, indicates that there could be an alteration in mitochondrial homeostasis during rapid weight gain. Adipose tissue of obese humans and rodents has increased numbers of macrophages and other immune cells. Macrophages group together to form crown-like structures that surround dead adipocytes (10) . The exact role of adipose tissue macrophages is unclear; however, recent advances indicate they are involved in adipose tissue remodeling, phagocytosis of lipid droplets of dead adipocytes, and regulation of adipocyte lipolysis in the fasting state (65, 10, 31) . Chemokine ligand 5 (CCL5), a monocyte chemoattractant, and triggering receptor expressed on myeloid cells 2 (TREM2), a marker of macrophages recruited from the circulation, increased at 4, 8, 12, and 24 wk, and 8, 12, and 24 wk respectively, in ad libitum fed beagles of the current study. CCL5 and TREM2 expression in the current study suggest active recruitment of monocytes to subcutaneous adipose tissue during rapid weight gain. Along with macrophage recruitment, gene expression changes indicate an increase in the innate immune response, with decreased expression of complement factor H and I, both inhibitors of the complement cascade, at 8 wk, while complement component 8, gamma polypeptide, a component of the membrane attack complex, was elevated over the entire study. Expression of CD97, a recognized mediator of inflammation in arthritis (21) , was increased at 4, 12 and 24 wk. In contrast, mucosaassociated lymphoid tissue lymphoma translocation gene 1 had decreased expression at 4, 8, and 12 wk but then returned to basal expression levels at 24 wk. Although our data suggest increased innate immune system activation, we did not detect any changes in cytokine mRNA, such as increased TNF-␣ or IL-6 using microarrays. Interestingly, our data demonstrate a trend toward decreased inflammatory response with increased anti-inflammatory proteins (TREM2; IL-10 receptor, beta), although suppressor of IKBKE 1 had decreased expression until 12 wk and then returned to basal expression levels. Gene expression differences of immune response genes may not be limited to immune cells solely, as canine adipocytes are responsive to inflammatory stimuli (59) . Our data indicate that although there is active recruitment of macrophages to adipose tissue, it is not accompanied by the characteristic adipose tissue inflammatory response. One explanation for this could be that the adipose tissue was collected from the subcutaneous depot, which is generally considered to have less inflammation than the visceral depot. It could also be that because weight gain occurred over a relatively short period of time in this study, our results represent an acute adaptive response rather than one that is chronic and deleterious.
During obesity development, ECM supports expanding lipid-laden adipocytes. ECM remodeling is associated with insulin sensitivity (65) . Adipocytes in cell culture are noted to undergo a biphasic ECM development whereby there is a transition from a fibrillar to laminar ECM (41) . In vivo adipose tissue fibrosis is associated with metabolic dysfunction and adipose tissue inflammation (28, 18) . Gene expression of ad libitum fed dogs indicated enhanced ECM biosynthesis, particularly components associated with laminar ECM. Ad libitum fed beagles exhibited increased synthesis of basement membrane components, including collagen IV A1, collagen IV A2, nidogen 1, nidogen 2, and laminin alpha 3. Along with increased basement membrane transcript expression, there was also increased collagen XXIII A1 and fibromodulin expression. Fibromodulin expression in tendons is associated with tendon rigidity and has been proposed to be a critical factor in early fibril formation (25) . Fibromodulin and asporin are both members of the small leucine repeat-rich protein family. Unlike fibromodulin, asporin expression was reduced at 4 and 8 wk but then increased at 12 and 24 wk. Asporin inhibits TGF-␤, which is involved with increasing ECM formation and angiogenesis (49) . ADAM metallopeptidases and lysyl oxidase are involved in ECM remodeling and have been implicated in obesity. Lysyl oxidase expression was increased Ͼ7-fold and ADAM metallopeptidase with thrombospondin type 1 motif, 2 was increased Ͼ3-fold over the entire 24 wk study. Mice overexpressing hypoxia-inducible factor-1␣ have increased lysyl oxidase expression and adipose tissue fibrosis (18) . Subcutaneous adipose tissue of ad libitum fed beagles compensates for increased adipocyte cell size by increasing ECM production and remodeling enzymes.
The ubiquitin proteasome pathway is induced by the accumulation of unfolded proteins and is involved with protein turnover. Proteins are targeted for proteosomal degradation by polyubiquitin chains and before entry into the proteasome, ubiquitin is removed from target proteins. The ubiquitin proteasome pathway is the predominant pathway for cellular protein catabolism. Ubiquitin-mediated degradation has been implicated in regulation of insulin signaling through degradation of IRS-1, adipogenesis through degradation of PPAR-␥, and lipogenesis through degradation of ACACA (20, 53, 56) . In general, our data demonstrated that proteasome subunits followed a pattern of increased expression until 8 wk. At 12 wk, expression returned to basal levels and then decreased below basal expression levels at 24 wk. Along with proteasome subunits, two E2 ligases, 10 E3 ligases, and seven deubiquitinating enzymes were differentially expressed. Interestingly, unlike proteasome gene expression, 14/19 genes involved in ubiquitin-dependent protein degradation had expression that peaked or plateaued by 24 wk. This indicates that proteasome gene expression may be responsive to the large increase in food intake at the beginning of the study, while the genes involved with ubiquitin-dependent degradation may be more responsive to chronic overfeeding and the associated increase in adipose tissue mass.
Both adipocyte hypertrophy and hyperplasia occur in adipose tissue. The commitment of preadipocytes to fully differentiated adipocytes is a tightly regulated and well-described process. WNT and BMP signaling modulate adipogenesis. Our data demonstrated a general increase in expression of WNT signaling pathway inhibitory proteins and a decrease in TCF7L2 expression, which was most highly decreased at 8 wk. BMP signaling regulates the conversion of preadipocytes to mature adipocytes. The BMP2 signaling pathway (BMP2, SMAD5, ID3) was downregulated at all time points. Reduced expression of RUNX1T1, NOC3L, XOR, and the BMP signaling pathway indicates a trend toward decreased adipogenesis.
It is unclear what the overall effect these gene expression changes have on adipose tissue function; however, it has been suggested that preadipocytes in obese humans have increased proliferation but decreased differentiation into mature adipocytes (27) .
We acknowledge that the application of our data to adipose tissue physiology has a few limitations. As mentioned previously, we are unable to attribute changes to certain cell types or fractions. Additionally, changes in the amount of certain cell types (e.g., increased preadipocytes or macrophages) could alter gene expression data without any differences in gene expression in specific subsets of cells. Our results do, however, represent relevant whole tissue changes. Future studies comparing isolated cell fractions would be useful for determining the cell type origins of the gene expression differences in our study. The correlation of mRNA and protein expression is not 1:1 and has a range between 0.45 and 0.74 in different studies, and protein and mRNA expression differences may not reflect differences in protein activity (40) . The dogs used were female beagles, and many differences exist in response to obesity between male and female animals. Lastly, our study cannot separate the effects of the response to increased energy and macronutrient intake, from growing adiposity. Despite these limitations, this study does provide a comprehensive analysis of the complex changes in adipose tissue gene expression that occur as a response to ad libitum feeding and subsequent weight gain.
Conclusion
Our study highlights the dynamic nature of the global transcriptional response to ad libitum feeding and rapid weight gain. The strength of our study lies in tracking transcriptome changes over time during the transition from a lean to obese phenotype. In this study, adipose tissue expansion during ad libitum feeding led to metabolic and adipose gene expression changes associated with macronutrient utilization, induction of antioxidant proteins, matrix remodeling, and increased proteasome expression. The first 12 wk of the study highlight the high capacity of dogs to expand adipose tissue depots during times of abundant energy intake. By 24 wk, however, even though adipose stores were still expanding, adipose tissue gene expression and circulating blood hormones and metabolites were beginning to show changes that may have been the beginning of a chronic deleterious response. In the future, targeting specific functional classes and genes identified during this transition period may prove useful for understanding causative factors for adipose tissue dysfunction. In particular, understanding how early alterations in oxidation-reduction, macrophage recruitment, lipid synthesis and handling, and ECM remodeling influence chronic obesity and comorbidities may prove useful.
